Transcription of protein-coding genes is highly dependent on the RNA polymerase II core promoter. Core promoters, generally defined as the regions that direct transcription initiation, consist of functional core promoter motifs (such as the TATA-box, initiator [Inr], and downstream core promoter element [DPE]) that confer specific properties to the core promoter. The known basal transcription factors that support TATA-dependent transcription are insufficient for in vitro transcription of DPE-dependent promoters. In search of a transcription factor that supports DPE-dependent transcription, we used a biochemical complementation approach and identified the Drosophila TBP (TATA-boxbinding protein)-related factor 2 (TRF2) as an enriched factor in the fractions that support DPE-dependent transcription. We demonstrate that the short TRF2 isoform preferentially activates DPE-dependent promoters. DNA microarray analysis reveals the enrichment of DPE promoters among short TRF2 up-regulated genes. Using primer extension analysis and reporter assays, we show the importance of the DPE in transcriptional regulation of TRF2 target genes. It was previously shown that, unlike TBP, TRF2 fails to bind DNA containing TATA-boxes. Using microfluidic affinity analysis, we discovered that short TRF2-bound DNA oligos are enriched for Inr and DPE motifs. Taken together, our findings highlight the role of short TRF2 as a preferential core promoter regulator.
Transcription of protein-coding genes is highly dependent on the RNA polymerase II (Pol II) core promoter. Core promoters, generally defined as the regions that direct transcription initiation, span from À40 to +40 relative to the +1 transcription start site (TSS). Core promoters contain functional subregions (termed core promoter elements or motifs, such as the TATA-box, TFIIB recognition elements [BRE u and BRE d ] , initiator [Inr] , TCT motif, motif 10 element [MTE] , and downstream core promoter element [DPE] ) that confer specific properties to the core promoter (for review, see Smale 2001; Smale and Kadonaga 2003; Thomas and Chiang 2006; Deng and Roberts 2007; Heintzman and Ren 2007; Juven-Gershon et al. 2008b; Juven-Gershon and Kadonaga 2010; Kadonaga 2012; Lenhard et al. 2012) . A synthetic core promoter (termed the super core promoter [SCP] ) that contains a TATA, Inr, MTE, and DPE in a single promoter has been shown to yield high levels of transcription, implying that gene expression levels can be modulated via the core promoter (Juven-Gershon et al. 2006) .
The set of basal transcription factors has been defined using TATA-dependent promoters (for review, see Thomas and Chiang 2006) . Transcription of DPE-dependent genes, however, is fundamentally different from transcription of TATA-dependent genes. First and foremost, the set of basal transcription factors that is necessary to transcribe TATAdependent promoters in vitro is insufficient to transcribe DPE-dependent promoters (Lewis et al. 2005; Goodrich and Tjian 2010) . Moreover, enhancers with a preference for DPE-containing promoters or TATA-containing promoters have been discovered (Ohtsuki et al. 1998; Kadonaga 2001, 2002; Smale 2001) . Furthermore, TBP, which is necessary for TATA-dependent transcription, down-regulates DPE-dependent transcription (Hsu et al. 2008 ). Additionally, NC2 and MOT1, which are positive regulators of DPE-dependent transcription, act by counteracting TBP, thus relieving its inhibition of DPE transcription (Willy et al. 2000; Hsu et al. 2008; van Werven et al. 2008) .
DPE-dependent promoters can be transcribed using Drosophila high-salt nuclear extracts (Willy et al. 2000) .
To identify the factors that support DPE-dependent transcription, we used a biochemical complementation approach and fractionated high-salt nuclear extracts in search of proteins that would support DPE transcription. We discovered that TBP (TATA-box-binding protein)related factor 2 (TRF2) is enriched in the fractions supporting DPE transcription. Drosophila trf2 encodes two protein isoforms that show similarity to the core domain of TBP: a 632-amino-acid protein (the ''short TRF2,'' which has been extensively studied) and a 1715-amino-acid protein in which the same short TRF2 sequence is preceded by a long N-terminal domain (Kopytova et al. 2006) . We explored the functions of TRF2, which is the TRF with the least similarity to TBP, in transcriptional regulation and discovered that short TRF2 preferentially binds and activates DPE-containing promoters. This study highlights the role of short TRF2 as a preferential core promoter regulator and provides insights into the complexity of transcription initiation.
Results

TRF2 is enriched in protein fractions supporting DPE transcription
The known basal transcription factors are insufficient for in vitro transcription of DPE-dependent promoters (Lewis et al. 2005) . Drosophila high-salt nuclear extracts have been shown to transcribe DPE-containing promoters (Willy et al. 2000) . We used a biochemical complementation approach using a highly purified in vitro transcription system to which we added fractionated high-salt Drosophila embryo nuclear extracts and tested the ability of the added fraction to support transcription of a DPEcontaining promoter. Using this assay, we enriched for a DPE-supporting activity through five chromatographic steps (Fig. 1A) . As shown in Figure 1 , B and C, transcription of a DPE-dependent promoter could be observed upon addition of glycerol gradient or Mini Q purified fractions, respectively. Mass spectroscopy analysis of active Mini Q fractions revealed the enrichment of TRF2 in the fractions supporting DPE transcription. In fact, we also observed an enrichment of TRF2 using a similar (but not identical) purification scheme (data not shown).
The SCP, which contains a TATA-box, Inr, MTE, and DPE in a single core promoter, has previously been shown to be capable of engaging in high-affinity interactions with TFIID (Juven-Gershon et al. 2006; Cianfrocco et al. 2013) . Independently of the biochemical complementation approach, we harnessed the SCP strategy to perform DNA affinity chromatography and searched for proteins that bind SCP DNA with a mutated TATA-box, as compared with SCP DNA containing mutations in either both the TATA-box and the DPE or both the MTE and DPE motifs. The DNA-bound protein fractions were subjected to mass spectrometry analysis. Although this analysis is not quantitative, we observed a relative enrichment of TRF2 in protein fractions that bound to SCP DNA with a mutated TATA-box, as compared with SCP DNA containing mutations in either both the TATA-box and the DPE or both the MTE and DPE motifs (Supplemental Table 1 ). Taken together, the biochemical complementation and the DNA affinity chromatography indicate that TRF2 is enriched in protein fractions that activate and bind DPE-containing promoter DNA. Short TRF2 activates the natural fushi tarazu (ftz) and giant (gt) transcriptional control regions via the DPE motif and not the TATA-box TRF2 is a TRF that has been shown to be involved in Pol II transcription (Rabenstein et al. 1999; Muller et al. 2007; Reina and Hernandez 2007; Torres-Padilla and Tora 2007; Akhtar and Veenstra 2011) . The TBP residues required for TATA-box binding are not conserved in TRF2, and, indeed, TRF2 does not bind the TATA-box (Moore et al. 1999; Rabenstein et al. 1999; Teichmann et al. 1999) . Moreover, Drosophila TRF2 was shown to bind polytene chromosomes at sites different from those bound by TBP, suggesting that they regulate different genes (Rabenstein et al. 1999; Isogai et al. 2007) . Several studies have shown that TRF2 is important for embryonic development and differentiation (Dantonel et al. 2000; Kaltenbach et al. 2000; Veenstra et al. 2000; Martianov et al. 2001; Zhang et al. 2001; Bashirullah et al. 2007; Zhou et al. 2013 ). Furthermore, TRF2 was also implicated in DNA replication and proliferation (Hochheimer et al. 2002) .
Interestingly, Drosophila trf2 gives rise to a single mRNA that encodes both a 632-amino-acid protein (the ''short TRF2,'' which has been extensively studied) and a 1715-amino-acid protein in which the same short TRF2 sequence is preceded by a long N-terminal domain containing coiled-coil motifs (Kopytova et al. 2006 ). It has been demonstrated previously that translation of the short TRF2 isoform is initiated at an internal in-frame AUG and is mediated by the IRES present in the coding region of trf2 mRNA (Kopytova et al. 2006) . Both proteins show similarity to the C-terminal core domain of TBP. We therefore decided to characterize the effect of both short and long TRF2 on transcription of DPE-dependent promoters as compared with TATA-dependent promoters. To be able to discern the differences between expression of the short and long TRF2, we generated a long TRF2 expression plasmid in which we mutated the internal ATG (which is the first amino acid of the short TRF2 protein) from ATG (Met) to CTG (Leu, which has a structure similar to that of Met) so that it expresses only the long TRF2 isoform (henceforth, we refer to this isoform as long TRF2).
Each of the natural transcriptional control regions of ftz and gt contains a TATA-box, an Inr, and a DPE motif in their core promoters (Juven-Gershon et al. 2008a ). The natural transcriptional control region of ftz contains a 1-kb genomic fragment containing the previously characterized ftz enhancer (Dearolf et al. 1989) . Drosophila melanogaster Schneider S2R + cells were cotransfected with a ftz natural enhancer and promoter containing a mutation in either the DPE (wtTATAmDPE) or the TATA-box (mTATAwtDPE) upstream of a firefly luciferase reporter gene in the presence of varying amounts of either short or long TRF2 expression plasmid ( Fig. 2A ). Cells were harvested 36-48 h post-transfection and assayed for dual-luciferase activity. Transfection of short TRF2 results in preferential activation of the mTATAwtDPE ftz promoter, while the activity of the wtTATAmDPE promoter is even slightly reduced upon short TRF2 transfection. Interestingly, transfection of the long TRF2 results in activation of both the mTATAwtDPE and the wtTATAmDPE ftz promoters ( Fig. 2A) . Similarly, short TRF2 preferentially activates the mTATAwtDPE-containing natural transcriptional control region of gt, while the activity of the wtTATAmDPE gt promoter is reduced upon short TRF2 transfection ( Fig.  2B ). Transfection of the long TRF2 results in activation of the mTATAwtDPE gt promoter. The wtTATAmDPE gt promoter is also activated upon long TRF2 transfection, albeit to lower levels as compared with the mTATAwtDPE gt promoter ( Fig. 2B ). Taken together, these results show that short TRF2 preferentially activates the ftz and gt DPEdependent promoters, whereas the long TRF2 activates the DPE-dependent as well as the TATA-dependent ftz and gt promoters.
Depletion of endogenous TRF2 reduces DPE-dependent but not TATA-dependent transcription
Drosophila S2R + cells express moderately high levels of TRF2 (FlyBase, http://www.flybase.org). To examine the effect of endogenous TRF2 on transcription of the ftz and gt promoters, we used RNAi to deplete TRF2. Four dsRNA probes directed against TRF2 with no predicted off-target effects were chosen (Fig. 3A ). S2R + cells were incubated with each dsRNA probe for 3 d and then transfected with a firefly luciferase reporter gene driven by either a wtTATAmDPE or a mTATAwtDPE ftz (or gt) natural enhancer and promoter. Cells were harvested 36-48 h following transfection and assayed for dual-luciferase activity ( Fig. 3B ,C). Successful TRF2 knockdown was verified by Western blot analysis using anti-TRF2 antibodies (kindly provided by Jim Kadonaga) (Supplemental Fig. 1 ).
Depletion of endogenous TRF2 by each of the four dsRNA probes results in reduced transcription of the DPE-dependent ftz and gt promoters (mTATAwtDPE) ( Fig. 3B,C) . Transcription of the TATA-dependent ftz and gt promoters (wtTATAmDPE) is not reduced by RNAi of TRF2 ( Fig. 3B,C) . Each of the dsRNA probes affects transcription of the TATA-dependent gt promoters Figure 2 . The short TRF2 isoform, unlike the long TRF2 isoform, preferentially activates transcription of the ftz (A) and gt (B) DPEdependent transcriptional control regions. (A) The reporter constructs contain the ftz enhancer and promoter sequences from À988 to +40 relative to the +1 start site and are identical except for mutation of the DPE or TATA, as depicted. Drosophila S2R + cells were transfected with firefly luciferase reporter construct as well as a short TRF2 or a long TRF2 expression plasmid. Error bars represent the SEM. (B) The reporter constructs contain the gt enhancer and promoter sequences from À2031 to +40 relative to the +1 start site and are identical except for mutation of the DPE or TATA, as depicted. Drosophila S2R + cells were transfected and assayed as in A. Error bars represent the SEM. similarly. The activity of the TATA-dependent ftz promoter, however, varies in response to RNAi with different probes. Nevertheless, the effect of each of the probes on the DPE-dependent promoter is always stronger than on the TATA-dependent promoters. Hence, depletion of TRF2 from S2R + cells specifically reduces DPE-dependent transcription.
TRF2-induced genes are enriched for Inr and DPE motifs
Short TRF2 has been shown to target several classes of TATA-less promoters (Isogai et al. 2007 ). To identify novel targets of the short TRF2 isoform as well as the long TRF2 isoform, we generated stable cell lines (based on S2R + cells) with inducible expression of each isoform under the metallothionein promoter. RNA from short and long TRF2-induced cell lines as well as an uninduced short TRF2 cell line and control S2R + cells treated with copper sulfate (to eliminate the induction of genes due to the copper sulfate treatment and not due to the induction of TRF2 by copper sulfate) was purified and subjected to microarray analysis. This analysis enabled the identification of common and differentially expressed TRF2induced genes in these samples (see Supplemental Fig. 2 for a Venn diagram illustrating the overlap). The Venn diagram reveals that short TRF2 activates 137 unique genes (166 genes overall), whereas the long TRF2 activates 46 unique genes (65 genes overall). Eighteen genes were activated by both the short and long TRF2 isoforms (and not by uninduced short TRF2). We next wanted to examine the core promoter sequences of TRF2-induced genes for overrepresented motifs. To discover common motifs within all TRF2-induced genes, DNA sequences encompassing from À50 to +50 (relative to the +1 of the TSS) were analyzed by MEME (Bailey et al. 2009 ). MEME analysis performed on promoters that were activated only by long TRF2 has not identified any common motif. Remarkably, MEME analysis performed on promoters that were activated only by short TRF2 identified a highly represented 48-nucleotide (nt) motif, which starts around the TSS and continues downstream (Fig. 4A ). The motif logo (identified in 65 of 176 promoter sequences examined) includes sequences that match the consensus of the Inr and the DPE with the strict spacing between the two motifs. Furthermore, sequence biases have been observed previously in putative DPE-containing genes in positions +17(T), +19(G), and +24(G) relative to the A+1 of the Inr (Kutach and Kadonaga 2000) . Additionally, a G nucleotide at position +24 has been experimentally shown to contribute to DPE function (Kutach and Kadonaga 2000) . As shown in Figure 4A , these three nucleotides (marked by asterisks) are overrepresented at these positions in the sequence motif identified in short TRF2-induced target genes. Hence, many short TRF2 target genes have putative Inr and DPE motifs.
We repeated the microarray analysis using RNA purified from short and long TRF2-induced cell lines as well as an uninduced short TRF2 cell line and control S2R + cells (wild type). This analysis enabled the identification of common and differentially expressed TRF2-induced genes in these samples, as depicted in the Venn diagram (see Supplemental Fig. 3 for the Venn diagram illustrating the overlap; see Supplemental Table 2 for a detailed list). Similar to the first microarray analysis, MEME analysis has not identified any common motif in the long TRF2induced genes. Importantly, MEME analysis performed on promoters that were activated only by short TRF2 identified a highly represented motif, which starts around the TSS and continues downstream (Supplemental Fig. 4 ; Supplemental Table 3 ). The motif logo (identified in 67 of 180 promoter sequences examined) includes nucleotides that match the Inr and DPE consensus with the strict spacing between the two motifs as well as enriched +17(T), +19(G), and +24(G) positions. Taken together, two independent microarray analyses identified the Inr and DPE motifs in the core promoters of short TRF2-induced genes.
To validate these findings, we chose four genes (namely, PDGF-and VEGF-related factor 2 [pvf2], Sorbitol dehydrogenase-2 [sodh-2], bubblegum [bgm], and innexin 3 [inx3]) that contain Inr and DPE motifs in their core promoters and were identified in both microarray analyses as uniquely activated upon short TRF2 induction. To verify the induction of these genes in S2R + cells by TRF2, we carried out a real-time PCR analysis. RNA from induced and uninduced cells was purified and reversetranscribed into cDNA. Real-time PCR analysis was performed using primers that detect the endogenous genes. Short TRF2 induces the expression of each of these genes twofold to sevenfold, much more than the long TRF2 isoform (1.1-fold to 1.6-fold) ( To test whether the DPE motif identified in the core promoters of the short TRF2-induced genes pvf2, sodh-2, bgm, and inx3 is functional, we cloned their wild-type as well as mDPE-containing promoters (À10 to +40 relative to the A+1 of the Inr) upstream of the firefly luciferase gene. First, we examined the activity of the promoters by in vitro transcription with Drosophila embryo nuclear extracts followed by primer extension analysis. The promoters of all four genes were highly dependent on the DPE motif, as mutation of the DPE significantly reduced the activity of the promoters (Fig. 5A ). We next tested whether TRF2 activates the transcription of these promoters via the DPE in transfected S2R + cells. Cells were cotransfected, and the transcriptional activity of wildtype and mDPE reporter genes in the presence or absence of transfected TRF2 expression plasmid was assayed using dual-luciferase assays. The basal activity (in the absence of transfected TRF2) of pvf2, sodh-2, bgm, and inx3 is reduced upon mutation of the DPE (Fig. 5B ). Transfected TRF2 moderately activates transcription of the wild-type promoters of pvf2, sodh-2, bgm, and inx3, while it does not activate the mDPE version of their promoters at all. Notably, the promoter constructs that are activated by transfected TRF2 encompass only the minimal core promoter sequence (from À10 to +40), suggesting that TRF2, like its relative, TBP, acts at the level of the core promoter. Taken together, TRF2 is able to activate multiple promoters containing a functional DPE motif.
Enrichment of initiator and DPE elements in DNA bound by TRF2-containing complexes in vitro
In order to test whether TRF2 binds to specific DNA elements, we used a microfluidic system of mechanically induced trapping of molecular interactions (MITOMI), which allows high-throughput sequence characterization of DNA-protein interactions (Fordyce et al. 2010; Glick et al. 2012) . In vitro binding of S2R + cellular extracts overexpressing induced Flag-HA-tagged TRF2 isoforms was analyzed using anti-Flag antibodies to pull down . Microarray analysis of transcripts that were exclusively induced by short TRF2 reveals the enrichment of targets containing Inr and DPE motifs. (A) Overrepresentation of Inr and DPE motifs in the promoters of genes whose transcripts were exclusively induced by short TRF2, as revealed by MEME analysis (E-value 3.0 3 10 À30 ). No enriched motifs were identified in the promoters of genes whose transcripts were exclusively induced by long TRF2. (B) The expression levels of four endogenous short TRF2 targets whose promoters contain Inr and DPE motifs (pvf2, sodh-2, bgm, and inx3) are higher following the induction of short TRF2, as determined by real-time PCR analysis. Cold Spring Harbor Laboratory Press on December 28, 2016 -Published by genesdev.cshlp.org Downloaded from TRF2-containing complexes. We examined the enrichment of initiator and functional DPE elements in the in vitro bound DNA oligonucleotides. For each in vitro DNA-binding experiment of a TRF2 isoform, we ranked all 6-mers by their median binding intensities. We used the Wilcoxon rank-sum test to measure the enrichment of two different sets of elements: initiator and in vivo validated DPE elements (collected from different studies). Remarkably, the initiator was enriched in DNA oligonucleotides bound by both the short and long TRF2-containing complexes, whereas the in vivo validated DPE elements were significantly enriched in only the DNA bound by the short TRF2-induced extracts (Fig. 6 ). This is in accordance with our microarray results, in which short TRF2-induced genes were enriched for both Inr and DPE motifs ( Fig. 4A; Supplemental Fig. 4) , whereas no common motif has been identified in the long TRF2-induced genes. Similar conclusions were derived when testing enrichment in the ranked 6-mers using the Kolmogorov-Smirnov statistical test and when testing enrichment in a ranked list of all oligonucleotides (Supplemental Fig. 6 ; Supplemental Table 4 ).
Calculation of protein-DNA interaction affinities
In order to quantify the interaction of TRF2 with the wild-type and mDPE promoters of short TRF2 target genes and calculate the Kd of the protein-DNA interactions, we generated a minilibrary of Cy5-labeled dsDNA promoters (À10 to +40), including the four short TRF2 targets that were analyzed by luciferase assays and primer extension analysis as well as three other promoters containing different core promoter elements. Using microfluidics and Flag-immobilized TRF2, we determined the Kd of protein-DNA interactions using either short or long TRF2-containing complexes. Remarkably, short TRF2 preferentially binds to the wild-type pvf2, sodh-2, bgm, and inx3 (Table 1 ; Supplemental Fig. 7) . Short TRF2-containing complexes bind with significantly lower affinity to the mDPE-containing DNA as well as to the non-DPE-containing controls: Aspartyl-tRNA synthetase (À40 to +10, a promoter that contains only a TATAbox) or a-(1,3)-fucosyltransferase B (À10 to +40) or CG15570 (À10 to +40), neither of which contains known core promoter elements. The long TRF2-containing complexes bind promoter DNA with much higher affinity as compared with the short TRF2, albeit with no dependence on the core promoter composition; i.e., long TRF2containing complexes display high affinity for wild-type and mDPE promoters and promoters that contain neither an Inr nor a DPE motif (Table 1 ; Supplemental Fig. 8 ). Taken together, short TRF2-containing complexes preferentially bind Inr-and DPE-containing promoters, whereas the long TRF2-containing complexes possess nonspecific DNA binding.
Discussion
The conserved short TRF2 isoform, unlike the long TRF2 isoform, activates transcription with a preference for DPE-dependent promoters
In this study, we demonstrated that the conserved short TRF2 protein preferentially activates DPE-dependent promoters. Using biochemical complementation, we discovered that TRF2 is enriched in Drosophila embryo protein fractions that activate transcription from a DPE-dependent core promoter. Furthermore, we used DNA affinity chromatography and demonstrated that TRF2 is enriched in protein fractions that bind DPE-containing promoter DNA. By luciferase reporter assays in transiently transfected Drosophila S2R + cells, we show that short TRF2, as opposed to the long TRF2, preferentially activates the DPE-dependent ftz and gt reporters. We performed microarray analysis in search of novel TRF2 targets and discovered the enrichment of Inr-and DPE-containing promoters among short TRF2 up-regulated genes. MEME analysis has not identified overrepresented motifs in the long TRF2 upregulated genes. RNAi followed by microarray analysis has revealed the enrichment of the DPE motif in TRF2 downregulated genes (data not shown). Notably, the microarray Figure 5 . The core promoters of pvf2, sodh-2, bgm, and inx3 are activated by short TRF2 and are DPE-dependent. (A) The wildtype (wt) and mDPE versions of the indicated core promoters (from À10 to +40 relative to the A+1 start site) were subjected to in vitro transcription analysis with Drosophila embryo nuclear extracts. The resulting transcripts were detected by primer extension reverse transcription analysis. For the inx3 wild-type and mDPE-containing core promoters, a longer exposure length of the primer extension gel to film was used, as transcription from these promoters is significantly weaker compared with transcription of the other TRF2 targets tested. (B) Drosophila S2R + cells were transfected with firefly luciferase reporter constructs driven by either a wild-type or mDPE promoter of the pvf2, sodh-2, bgm, and inx3 promoters as well as a short TRF2 expression plasmid, as indicated. The graph represents the average of three to 10 experiments for each promoter. Error bars represent the SEM.
analyses identified both direct and indirect TRF2 targets. In the future, it will be interesting to test specific targets and distinguish between direct and indirect TRF2 targets.
The human TRF2 protein is 186 amino acids long, of which amino acids 7-186 constitute the TBP core domain (Rabenstein et al. 1999) . The short Drosophila TRF2 isoform, which constitutes the C terminus of the long Drosophila TRF2 isoform, is homologous to TBP and the human TRF2 as well as TRF2 from other species. The short TRF2 protein isoform is 632 amino acids long and has a theoretical pI of 8.0, whereas the long TRF2 isoform, which may be unique to Drosophila, is 1715 amino acids long and has a theoretical pI of 4.65. The long TRF2 isoform contains an aspartic-rich domain, a serine-rich domain, and a glutamine-rich helical domain that is typical to certain histone deacetylases. The functions of the long TRF2 (and whether these sequence domains contribute to its activity) remain to be discovered.
Short TRF2-containing complexes bind DPE-dependent promoters with higher affinity than promoters with mutated DPE
Although the core domain of Drosophila TRF2 is 39% identical to the core domain of Drosophila TBP, the TBP residues required for TATA-box binding are not conserved, and, indeed, the short TRF2 does not bind TATA-containing promoters (Moore et al. 1999; Rabenstein et al. 1999; Teichmann et al. 1999) . A long-standing question has been: What are the DNA elements that TRF2 binds? Using microfluidics, we now identify protein-DNA interactions of TRF2-containing complexes. Furthermore, we calculated Cold Spring Harbor Laboratory Press on December 28, 2016 -Published by genesdev.cshlp.org Downloaded from the affinities of interactions between TRF2-containing complexes and DNA in vitro. Mutation in the DPE of the four short TRF2 target promoters that were tested significantly reduces DNA binding. Interestingly, the long TRF2containing complexes bind promoter DNA with high affinity, albeit without any preference for a wild-type promoter as compared with a mDPE-containing promoter DNA. Importantly, TRF2 has recently been demonstrated to mediate the transcription of ribosomal protein genes via the TCT motif and not the TATA-box (Wang et al. 2014) . ChIP-seq (chromatin immunoprecipitation [ChIP] combined with deep sequencing) analysis of Drosophila embryos using anti-TRF2 antibodies indicate a peak of TRF2 occupancy in the vicinity of the TSS. We analyzed this ChIP-seq data set and discovered that, remarkably, the most enriched motif in the top TRF2-bound genes (quantile 0.9) is the DPE motif (Supplemental Fig. 9 ). MEME analysis of the least TRF2-bound genes (quantile 0.1) has not identified any enriched motifs. This suggests that DPE-containing promoters are direct targets of TRF2. Taken together, we discovered that TRF2 is a unique core promoter factor that is involved in DNA binding of DPE-containing promoters. Using microfluidics, we demonstrated sequence-specific DNA-binding of TRF2-containing complexes. Whether TRF2 binds DNA directly remains to be determined. It is likely that there are TRF2-associated factors that assist TRF2 in core promoter DNA binding in a manner similar to that of TBP-associated factors that, together with TBP, constitute the TFIID complex.
TRF2 is a basal transcription factor that is functionally important for DPE-dependent promoters
Transcriptional regulation is achieved by diversity in enhancers, core promoter composition, and the basal transcription machinery. An example for such diversity is the existence of a TRF family, which includes TRF1, TRF2, and TRF3. In this study, we discovered a connection between core promoter composition and the basal transcription factor TRF2. Remarkably, we observed a significant reduction of protein-DNA interaction when the DPE motif was mutated. It is of great interest that not only do the core promoters of many (although not all) short TRF2 target genes lack a TATA-box, they share Inr and DPE motifs. Moreover, we noted that nucleotides at specific positions located between the Inr and DPE, such as +17, +19, and +24 relative to the A+1, are overrepresented in the Inr-and DPE-containing short TRF2 targets. These positions were previously recognized as overrepresented in DPE-containing genes (Kutach and Kadonaga 2000) . We further demonstrated that the core promoters of four short TRF2 target genes are functionally DPEdependent and are activated by short TRF2. In a sense, TRF2 is acting in a manner antagonistic to TBP, which has been shown to down-regulate DPE transcription (Hsu et al. 2008) .
We discovered that TRF2 mediates transcription of DPE-containing promoters. TRF2 has been shown recently to mediate the transcription of ribosomal protein genes via the TCT motif (Wang et al. 2014 ). Furthermore, TRF2 has been shown previously to play an important role in RNA Pol II transcription and has been shown to activate the TATA-less histone H1 promoter (Isogai et al. 2007 ). Hence, it is likely that TRF2 is important for multiple transcription systems that mediate important biological processes and pathways. Importantly, these findings support the notion that the basal transcription factors are not necessarily general transcription factors. Rather, they are active components that act in conjunction with the core promoters in the complex regulation of gene expression.
Materials and methods
In vitro transcription using a highly purified recombinant transcription system
In vitro transcription reactions of 250 ng of a supercoiled DPEcontaining promoter (jockey) DNA template were carried out as previously described (Wampler et al. 1990 ). The purified general transcription factors that enable the transcription of a TATAcontaining promoter, but not of a DPE-containing promoter (RNA Pol II, TFIID, TFIIB, TFIIE and TFIIF), were supplemented with fractionated Drosophila high-salt nuclear extracts, and transcription was analyzed. It is of note that no TFIIH was needed for the in vitro transcription of supercoiled DNA templates, as previously reported (Goodrich and Tjian 1994) . The resulting transcripts were subjected to primer extension analysis with an M13 reversesequencing primer (AGCGGATAACAATTTCACACAGGA). RNA Pol II was purified from 0-to 12-h-old Drosophila embryos using DE-52, phosphocellulose, and Source15Q resins in a procedure similar to that of Hodo and Blatti (1977) . TFIID was purified from Drosophila embryo high-salt nuclear extracts by Poros Heparin, Sephacryl S-300, and Source15Q resins in a procedure similar to that of Austin and Biggin (1996) . Drosophila TFIIB, human TFIIF74 (RAP74/TFIIFa), human TFIIF30 (RAP30/TFIIFb), and human TFIIE were synthesized in Escherichia coli and purified as previously described (Santoso and Kadonaga 2006) .
In vitro transcription assays using Drosophila embryo nuclear extracts
Double-stranded oligonucleotides comprising core promoter sequences from À10 to +40 of the tested core promoters were inserted into the KpnI and EcoRI sites of a pGL3Basic vector with a modified multiple cloning site. Mutation of the DPE in the core promoters was identical to that used previously (Lim et al. 2004) , where the mutant DPE contains CATA at +30 to +33 relative to A+1.
In vitro transcription reactions with Drosophila embryo nuclear extracts were carried out as previously described (Wampler et al. 1990 ) using 250 ng of supercoiled DNA templates with Drosophila high-salt nuclear extracts (Soeller et al. 1988 ). The resulting transcripts were subjected to primer extension analysis with a reverse luciferase primer (TCTTCCAGCGGATAGAATGGCGCC). Quantitation of reverse transcription products was carried out using ImageQuant and GelQuantNET. All experiments were carried out a minimum of three independent times to ensure reproducibility of the data.
Protein purification
Drosophila high-salt nuclear extracts were prepared from embryos that were collected from 0 to 12 h after egg deposition following the method of Soeller et al. (1988) . Protein fractions supporting transcription of a DPE-dependent promoter were purified by following the scheme shown in Figure 1A . Column chromatography was carried out with an € AKTA fast protein liquid chromatography (FPLC) system (GE Healthcare). The detailed methodology for the purification is available on request.
Mass spectrometry analysis
Sample preparation and multidimensional protein identification technology (MudPIT) analysis of protein complexes was performed as previously described (Washburn et al. 2001) . Tandem mass spectrometry spectra were searched with the SEQUEST algorithm (Eng et al. 1994) . Interestingly, all of the TRF2 peptides identified by mass spectrometry analysis are common to both the short and long isoforms. Hence, sequence coverage in Supplemental Figure 1 is shown for the short TRF2 isoform.
TRF2 expression vectors
Short TRF2 was cloned by PCR using EST clone LD27895. Long TRF2 was cloned from Drosophila embryo cDNA. Both TRF2 protein isoforms are encoded by the same mRNA (Kopytova et al. 2006) . The short protein form has been reported to result from an internal translation initiation (Kopytova et al. 2006) . To be able to discern the differences between expression of the long and the short isoforms, we generated a long TRF2 expression plasmid in which we mutated the internal ATG that is the first amino acid of the short TRF2 protein from ATG (Met) to CTG (Leu, which has a structure similar to that of Met) so that it expresses only the long TRF2 isoform. The mutation was generated using the QuikChange II site-directed mutagenesis kit (Stratagene). Both forms were expressed with an N-terminal Flag-HA tag using the pAc5.1 or pMT expression vectors (Life Technologies). All plasmid sequences were verified by sequencing.
Transient transfection and reporter gene assays D. melanogaster Schneider S2R + adherent cells were cultured in Schneider's Drosophila medium (Biological Industries) that was supplemented with 10% heat-inactivated FBS. Cells were transfected in 24-well plates by using the Escort IV reagent (Sigma). For dual-luciferase assays, cells were plated at 0.6 3 10 6 cells per well of a 24-well plate 1 day prior to transfection. Cells were transfected with the indicated amounts of a TRF2 expression vector that was supplemented, where necessary, with pAc control expression vector to give a total of 1 mg of DNA of expression vector. In addition, 60 ng of the firefly luciferase reporter constructs was cotransfected with 1 ng of the Actin5c-Renilla luciferase reporter. The medium was replaced the next morning, and cells were harvested 36-48 h post-transfection and assayed for dual-luciferase activities, as specified by the manufacturer (Promega). To correct for transfection efficiency, the firefly luciferase activity of each sample was normalized to the corresponding Renilla luciferase activity. Each transfection was performed in triplicate. The graphs represent an average of three to six independent experiments.
Generation of dsRNA probes
Four dsRNA probes directed against TRF2 were chosen based on http://www.dkfz.de/signaling/e-rnai3. Probe 1 was generated using the following primers: forward, 59-ATAGGTACCGG CAACCGGCAGTAAAAATA-39; and reverse, 59-ATAACTAG TACTCCACATTTGATCCCTGC-39. Probe 2 was generated using the following primers: forward, 59-ATACTCGAGAACA GAAGGAGCAGCATCGT-39; and reverse, 59-ATAACTAGT TATTTTTACTGCCGGTTGCC-39. Probe 3 was generated using the following primers: forward, 59-ATAGGTACCAAGGAGAAC CAATCGCCGAAT-39; and reverse, 59-ATAACTAGTATTAGAA GAACTTAAGCGATC-39. Probe 4 was generated using the following primers: forward, 59-ATACTCGAGCAATCTGACTT GAATCCCGG-39; and reverse, 59-ATAACTAGTTCATCTGAAG CTTGTCGCG-39. DNA fragments corresponding to each dsRNA were subcloned into pBlueScript SK + . The dsRNA probes were generated by PCR amplification of the DNA using T7 and T3 primers followed by in vitro transcription using T7/T3 RNA polymerase (Megascript kit, Ambion). The resulting RNA products were annealed to generate the dsRNA probes.
RNAi-coupled reporter assays
For RNAi-coupled reporter assays, cells were treated with dsRNA for 3 d and then transfected with 60 ng of the firefly luciferase reporter and 1 ng of the Actin5c-Renilla control plasmid using the Escort IV reagent (Sigma). The medium was replaced the next morning, and cells were harvested 36-48 h post-transfection and assayed for dual-luciferase activities, as specified by the manufacturer (Promega). The protein concentration of cell lysates was measured using the BCA reagent (Pierce). To correct for transfection efficiency, the firefly luciferase activity of each sample was normalized to the corresponding Renilla luciferase activity and to the amount of total protein. Each transfection was performed in triplicate. The graphs represent an average of three to four independent experiments.
Generation of stable cell lines
Drosophila S2R + cells were cotransfected with the pCoHygro plasmid (Life Technologies), and an expression vector of either the short or long TRF2 isoform was tagged with Flag and HA epitopes and driven by the metallothionein gene promoter that is inducible upon addition of copper sulfate to the cells. Cells were selected for several weeks in culture in the presence of 300 mg/mL hygromycin. The induction of TRF2 was verified by Western blot using anti-HA antibodies.
Microarray analysis
RNA from short and long TRF2-induced cell lines as well as an uninduced short TRF2 cell line and control S2R + cells was purified using the PerfectPure kit (5 PRIME). Two-hundred nanograms of total RNA of each sample, in the presence of control RNAs (RNA spike-in kit, Agilent), was labeled with either Cy-3 or Cy-5 using the low-input quick amp labeling kit, two-color (Agilent) following the manufacturer's protocol. In each microarray experiment, every sample was tested in duplicate. Equal amounts of labeled RNA were hybridized overnight to Agilent's Drosophila microarray 4x44,000 at 60°C. Hybridization mixes were prepared using the gene expression hybridization kit from Agilent following the manufacturer's protocol. Following hybridization, the slide was first washed with gene expression wash buffer 1 (Agilent) and then with gene expression wash buffer 2 (Agilent). This was followed by an acetonitrile wash, and, finally, the slides were placed in stabilization and drying solution (Agilent). The washed slides were scanned on an Agilent G2565BA microarray scanner.
The data from all arrays were first subjected to background correction and LOESS within-array normalization using Agilent Feature Extraction software (version 9.5.1.1, Agilent Technologies). The remaining analyses were performed in Partek Genomics Suite software (version 6.6, Partek, Inc.). The log expression ratios produced during the normalization step were TRF2 activates DPE-dependent promoters analyzed. Data from two biological replicates were used to perform a one-way ANOVA. The normalized data were analyzed to identify genes with significantly up-regulated or down-regulated expression (false discovery rate [FDR], P-value < 0.05 with a cutoff of at least a 1.8-fold change for the first microarray, and FDR P-value < 0.05 with a cutoff of at least a twofold change for the second microarray). Using the FlyBase converter tool (http:// www.flybase.org), we identified all of the transcripts that contain an induced microarray probe and initiate at different chromosomal positions. The promoters of these transcripts were analyzed by the MEME motif-finding algorithm (Bailey et al. 2009 ) to identify de novo motifs.
Reverse transcription and real-time PCR analysis
Total RNA from uninduced and induced Drosophila cell lines was purified using the PerfectPure RNA cultured cell kit (5 PRIME). One microgram of the total RNA was reverse-transcribed into cDNA using MMLV-RT (Promega). Quantitation was performed by real-time PCR (StepOnePlus, Life Technologies). The expression levels were compared with those of gapdh2. Primer sequences for real-time PCR are provided in Supplemental Table 5 .
Microfluidic device fabrication
The two-layer device was designed in AutoCAD 2011 (Autodesk, Inc.), and each layer was reproduced as a chrome mask at 40,000 dpi (Fineline-Imaging). Flow and control molds were fabricated on 4-in silicon wafers using positive (SPR 220-7.0) and negative (SU-8) photoresists, respectively. The microfluidic devices were fabricated on silicone molds as described previously (Maerkl and Quake 2007; Fordyce et al. 2010; Glick et al. 2012) . Briefly, each device consisted of two aligned PDMS layers: the flow and the control layer. PDMS (60 g) at a ratio of 5:1 was cast on the control mold and degassed. Inlet holes were then punched. PDMS (21 g) at a ratio of 20:1 was spin-coated on the flow mold. Both molds were semicured for 30 min at 80°C. PDMS was demolded, and inlets were punched for the control layer. Control and flow layers were then assembled and cured for 2 h at 80°C (Glick et al. 2012) .
Design and preparation of the 8-mer DNA library
All possible 65,536 8-base-pair (bp) DNA sequences were assembled into a maximally compact de Bruijn sequence that was subsequently divided over 1457 oligonucleotides. Each 70-bp-long oligonucleotide contained 45 overlapping 8-mers, a 3-bp GC clamp at the 59 end, and an identical 14-bp sequence at the 39 end for Cy5 labeling and primer extension (Fordyce et al. 2010) . Sequences were hybridized to a Cy5-labeled oligonucleotide and extended using a Klenow fragment (exo À ) (New England Biolabs) to produce Cy5-labeled dsDNA (Fordyce et al. 2010 ). Cy5-labeled dsDNA was diluted to a final concentration of 1.25 mM. Each sample solution contained 0.125% of poly(ethylene glycol) (Aldrich) and D-trehalose dehydrate (Sigma) at 12.5 mg/mL in dH 2 O to prevent irreversible binding of the DNA to the glass as well as for visualization during alignment of the device to the DNA array. The oligos were spotted onto epoxy-coated glass substrates (CEL Associates) with a MicroGrid 610 (Bio Robotics) microarrayer using SMT-S75 silicone pins (Parallel Synthesis). Column and row pitch corresponded to the specific device. The device that we used contained 65 columns and 64 rows with a pitch of 281.25 mm by 562.5 mm, respectively. Finally, the arrays were aligned to the microfluidic device by hand under a stereoscope and bonded overnight on a heated plate at 80°C.
Binding of the TRF2-containing complex to the wild-type and mutant DPE minilibrary
Oligonucleotides encompassing promoters' sequences were synthesized (IDT), hybridized to a Cy5-labeled oligonucleotide, and extended using a Klenow fragment (exo À ) (New England Biolabs) to produce Cy5-labeled dsDNA (Fordyce et al. 2010 ). Cy5-labeled dsDNA was diluted to a final concentration of 2 mM. Next, seven twofold serial dilutions down to 0.0156 mM were prepared. Each sample solution contained 0.125% of poly(ethylene glycol) (Aldrich) and D-trehalose dihydrate (Sigma) at 12.5 mg/mL in dH 2 O. A control sample with no DNA was included. All samples were spotted on epoxy slides, and arrays were aligned to the microfluidic device as previously described. Promoter sequences used were À10 to +40 of the Inr and DPE-containing pvf2, sodh-2, bgm, and inx3 promoters; À10 to +40 of the promoters containing no known core promoter element a-(1,3)-fucosyltransferase B and CG15570; and À40 to +10 of the TATA-containing promoter Aspartyl-tRNA synthetase (see the Supplemental Material for promoter sequences).
Surface chemistry
To derivatize the slide surface, 1 mg/mL biotinylated-BSA (Thermo) was flown for 30 min through the device to allow binding of the BSA to the epoxy surface. On top of the biotinylated-BSA, 0.5 mg/mL Neutravidin (Pierce) was added for 30 min. The ''button'' valve was then closed, and 1 mg/mL biotinylated-PEG (Nanocs) was flown over for 30 min, passivating the rest of the device. Following passivation, the ''button'' valve was released, and a flow of 0.2 mg/ mL anti-Flag biotinylated antibodies (Cell Signaling) was applied. The antibody bound specifically to the exposed Avidin surface under the ''button,'' creating an anti-Flag tag array. Hepes (50 mM; Biological Industries) was used for washing unreacted substrates between each of the different surface chemistry steps. Next, cell extracts from 1.5 3 10 6 to 1.6 3 10 6 cells overexpressing Flag-HA-TRF2 isoforms were loaded onto the device. TRF2-containing protein complexes were immobilized under the ''button.'' DNA chambers were flooded with buffer that solubilized the spotted DNA, allowing protein-DNA interactions. DNA that interacted with loaded proteins was captured beneath the button valve following a 1-h incubation period. Proteins were labeled with anti-HA Alexa Fluor 488 antibodies (Cell Signaling), which bound the corresponding epitope on the respective TRF2 isoform. Protein expression levels and interacting DNA signals were measured with a microarray scanner (LS Reloaded, Tecan) using a 532-nm laser and a 575-nm filter or a 633-nm laser and a 695-nm filter.
Printed DNA concentration
To determine the actual on-chip printed DNA concentration, Cy5-labeled oligos with known concentrations (0.039-5 mM) were introduced into the device. Cy5 intensity was measured with a microarray scanner (LS Reloaded, Tecan) using a 633-nm laser and a 695-nm filter, and a calibration curve was plotted. The concentration of DNA in each chamber was then calculated according to this standard curve.
Image and data analysis
Scanner images were analyzed using GenePix 7.0 (Molecular Devices). Two different images were analyzed: A FITC/Cy3 emission image was used to determine protein expression levels, while a Cy5 emission image was used to determine interacted DNA. The data from both images were extracted, and the interaction ratios between the DNA and protein signals under the ''button'' valve were calculated.
Inr and DPE functional element enrichment test
A list of DNA 6-mers together with their binding scores was deduced from all in vitro experiments of the same isoform. For each 6-mer, the median binding intensity of the oligonucleotides in which it appears was used as the binding score. We tested how high in the ranked 6-mer list the elements of interest were. These included initiator elements (four combinations) and a list of in vivo validated DPE elements (40 elements collected from Kutach and Kadonaga [2000] , Juven-Gershon et al. [2008a] , Zehavi et al. [2014] , and our unpublished data). We used the Wilcoxon rank-sum test to measure the enrichment of the elements in the list. To visually illustrate the elements, we calculated a position-specific frequency matrix for each set and drew them using http://demo.tinyray.com/weblogo.
